In the case of metals, it is considered that the crystal grain re nement due to plastic deformation is caused by the operation of various slip systems in a grain. In order to understand the initial stage of the grain subdivision, a simple shear test was performed on a low-carbonsteel polycrystal having an average grain size of approximately 150 μm.
Introduction
Grain re nement is an effective strengthening mechanism for combining high strength with good toughness. In recent years, ultra ne grain metals having grain sizes of 1 μm or less have been produced by severe plastic deformation [1] [2] [3] . It is known that grain re nement occurs due to crystal orientation change within a grain during plastic deformation. The microstructural evolution in metals progresses by grain subdivision from coarse grains to ne grains caused by activation of different slip systems within a grain 4, 5) . As a result, the regions may rotate towards a stable orientation with introducing geometrically necessary dislocations (GNDs) 6) to accommodate the incompatibility of different active-slipsystem regions.
Crystal rotation due to plastic deformation is essentially related to the existence of GNDs in the local volume. A graphical illustration of the lattice curvature caused by GNDs has been presented by Ashby 6) based on the continuum dislocation theory that gives the relation between the lattice curvature and distribution of GNDs within a certain volume 7) . The rst application of this framework was performed by Sun et al. 8) to quantify GND densities using electron back-scatter diffraction (EBSD). More recently, in order to determine all the components of the second-order Nye s dislocation tensor, the three-dimensional EBSD technique was employed 9) . Normally, such experimental works are performed using bicrystals or tricrystals focusing on the crystal rotation neighboring existence grain boundaries.
In this study, to investigate the initial stage of grain subdivision during plastic deformation, we analyzed the crystal orientation change across the subdivided regions in a grain of a low-carbon-steel polycrystal. The crystal orientations and slip systems were estimated from observations of the slip line and EBSD measurements on the surface after plastic deformation. Using the logarithm of the rotation matrix [10] [11] [12] , the axes of the crystal rotation caused by the plastic deformation are divided into the rotation about the coordinate axes of the crystal system. The changes of crystal rotation axes across the subdivided regions are discussed.
Experimental Procedure
The chemical composition of the polycrystalline low-carbon steel is shown in Table 1 . The polycrystalline low-carbon steel was prepared by vacuum melting followed by hot rolling and acid pickling. The hot rolled sheets were cold rolled with a reduction of 60%. In order to obtain relatively coarse and equiaxed recrystallized grains, the cold rolled sheets were heat treated at 973 K for 100 s followed by die quenching to room temperature. They were perfectly recrystallized using heat treatment, and the average grain size was approximately 150 μm.
A planar simple shear test technique 13) was employed for applying plastic deformation. Figure 1 shows the geometry of the simple shear test specimen with coordinate system, the observation direction (OD//x 1 -axis), shear direction (SD//x 2 -axis), and shear plane normal (SN//x 3 -axis). In the simple shear test frame, the components of the deformation gradient tensor F by applying a simple shear strain are given by
where γ is amount of shear calculated by γ = δ/h. δ and h are simple shear displacement and gauge length (3 mm) respectively. After a 10% shear, the slip-line directions and crystal orientations were observed using a eld emission scanning electron microscope (FE-SEM) and EBSD respectively. To obtain these observations, the specimens were mechanically polished followed by electrical polishing to eliminate the deformation layer introduced by the mechanical polishing. The EBSD observations were obtained at a step size of 0.2 μm.
Results

Slip-line observation
Figures 2(a) and (b) show the FE-SEM micrograph and inverse pole gure (IPF) map for the same area after the application of a 10% simple shear. The original high-angle grain-boundaries that existed before the simple-shear deformation are identi ed using the IPF map in Fig. 2(b) and are indicated by white dashed lines in Fig. 2(a) . In Fig. 2(a) , slip lines are clearly identi ed on the sample surface. As shown in Fig. 2(a) , the central grain in the gure was divided into several regions with parallel slip lines. Figure 3 shows a magni ed FE-SEM image of the area of the white solid square in Fig. 2(a) . Between the two arrows from (i) to (ii) and (iii) to (iv), there exist transition regions where the slip lines of both sides were observed.
Analysis of crystal rotation
The objective of this study is to consider the initial stage of the grain subdivision within a grain where the crystal orientation was originally the same. As shown later, the changes of crystal orientation due to a 10% simple-shear deformation are up to approximately 10 . We have analyzed such changes of crystal orientation using the following method.
By using conventional software to treat the EBSD results, we can obtain the Euler angles corresponding to the crystal orientations. However, even if the crystal orientations of two neighboring points are near each other and, for example, the angle between 〈100〉 of them is approximately 10 , the Euler angles may not always cause the result that these 〈100〉 are the same [100]. Therefore, in this study, in order to discuss the changes of crystal orientations, we have corrected the Euler angles by considering the symmetry of the cubic structure so that near 〈100〉 can be expressed as the same [100] .
Using the corrected Euler angles, we obtained the rotation matrices. The rotation matrix indicating the crystal orientation at each position in the observation region is de ned as shown in Fig. 4 with respect to the simple-shear test coordi- nate frame in Fig. 1 . This frame is also the same as that used for the EBSD measurements shown in Fig. 2 . Using the reference frame, the additional rotation ∆R from position a 1 to position a 2 can be written as
where R(a 1 ) and R(a 2 ) are the rotation matrices that give the crystal orientations at a 1 and a 2 respectively, and R −1
(a 1 ) is the inverse matrix of R(a 1 ).
The rotation matrix ∆R can be expressed by using a rotation angle Φ around a unit vector n = (h, k, l) 14) called the axis/angle pair. The result is shown in Appendix A-1. The logarithm ln ∆R of ∆R [10] [11] [12] is a skew symmetric matrix having three independent elements (ω 1 , ω 2 , ω 3 ). On using the axis/angle pair, ln ∆R is given by [10] [11] [12] 
The elements ω 1 , ω 2 and ω 3 are considered to be the sums of the divided rotation angles around the coordinate axes of the reference frame 10) . By using ln ∆R, we can divide a three-dimensional rotation into sets of rotations about the reference frame 11) . For ∆R with elements of numerical values, ln ∆R can be calculated using recent mathematical computing programs such as Mathematica 9 or MATLAB.
Figures 5(a) and (b) show the variation of the point-to-origin misorientation angle along the two arrows in Fig. 3 from (i) to (ii) and from (iii) to (iv), respectively. In the line scan, the position a 1 in the right-hand side of the eq. (2) is set as (i) or (iii), which is the origin of the line scan, and the position a 2 is set as the analysis point on the line scan. As shown in 
Operated slip system
In the case of body-centered cubic (bcc) iron, the slip direction is well con rmed as the closest packed 〈111〉 direction, and its Burgers vector is a/2〈111〉 where a is a lattice constant. Moreover, there are three postulated possible slip planes {110}, {112} and {123} for bcc iron. In order to estimate the slip system for each region, the directions of three possible slip plane traces obtained from the EBSD measurement are compared with the slip lines that were experimentally observed using the FE-SEM in Fig. 3 . Figure 6 [111] respectively. The majority of the slip systems estimated in this study was the {110}〈111〉 system, and thus, we analyzed only the {110}〈111〉 slip system for the analysis of the crystal rotation axis. 
Crystal rotation axis
Discussion
In the initial stage of grain subdivision caused by plastic deformation, transition regions were generated by operation of various slip systems in a grain 4, 5) . As a result, these regions rotate towards different orientations, and the dislocations on the operated slip plane become GNDs around the transition region in order to accommodate the incompatibility of the different orientations. The accumulation of GNDs around the transition region is illustrated in Fig. 9 . Analysis of the crystal rotation axis in each region shows that the rotation axes in the transition region were located between the directions orthogonal to the SPN and BV in both sides of the subdivided regions. The GNDs are necessary for accommodating the difference in directions of rotation. Based on Figs. 7 and 8, the generation of the transition region can be explained as the result of the accumulation of GNDs from both sides of the subdivided regions. In Figs. 7 and 8 , the crystal rotation axes were analyzed by considering a 1 in Fig. 4 as the location giving the representative orientation in each region. The stereographic projections in Figs. 7 and 8 show the results for various regions in Fig. 5 with reference to the xed simple-share test frame. However, the crystal orientation and its slip system continuously rotate as a function of the distance along the line scan. To discuss the crystallographic relation between the changes of the crystal rotation axes and their slip systems including the continuous rotation, the crystal coordinate systems corresponding to the crystal orientations at various locations should be considered. When we use the crystal coordinate system at a certain location a 1 to express the additional rotation from the orientation at a 1 given by R(a 1 ) to that at a 2 given by R(a 2 ), the additional rotation ∆R C is given by 12) Figure 10 shows the de nition of ∆R C when we consider various crystal orientations expressed by the x 1 -x 2 -x 3 crystal coordinates at various a 1 . In the following analysis, the x 1 -x 2 -x 3 coordinate is constructed by the axis orthogonal to BV and SPN (ORD//x 1 ), BV//x 2 and SPN//x 3 as shown in Fig. 10 . Using eq. (4), we calculated ∆R C and obtained the changes of crystal rotation axes at various locations along the line scan at 10 μm intervals. Using ∆R C , the crystal rotation axes can be shown in the same crystal coordinate system. Figure 11(a) shows the results along the line scan of (i)-(ii) as a function of the distance from the origin (i). In [C] that is used to determine these axes directions. Their crystallographic directions are also indicated in the gure. As shown in Fig. 11(a) , the referenced crystal coordinate frame is the slip system in region [C] in this case. In the case of the line scan in region [A], the rotation axes are close to a plane that is orthogonal to BV [A] , and the axes then move toward a plane that is orthogonal to BV [C] . By using the logarithm ln ∆R C of ∆R C , the rotation can be divided into a crystal coordinate system. A set of rotation angles, (ω ORD , ω BV , ω SPN ), component of Φ around ORD [C] axis, BV [C] -axis and SPN [C] -axis respectively, can be obtained by using ln ∆R C . Figure 11(b) shows the changes of the ratio of (ω ORD , ω BV , ω SPN ) to the total rotation angle Φ as a function of the distance from the origin (i). The ratio of ω SPN /Φ is dominant in region [A], then ω ORD /Φ becomes the main component of the rotation in regions [B] and [C] .
The relation between the dislocation density tensor and lattice curvature tensor 7) explains that the crystal rotation axis is determined by using the Burgers vector of the GNDs, direction of dislocation line and arrays of those dislocations. The majority of the axes of crystal rotation caused by arrays of dislocation become orthogonal to the Burgers vector. The details are shown in Appendix A-2. The changes of crystal rotation axis shown in Fig. 11 can be interpreted by crystal rotation caused by the arrays of GNDs.
Conclusions
In order to understand the initial stage of the grain subdivision, a simple shear test was performed on a low-carbonsteel polycrystal having an average grain size of approximately 150 μm. After the application of 10% shear, several regions having different slip lines were observed in a grain. The slip lines were explained by the slip-system of bcc iron and the operated Burgers vectors were estimated. The crystal orientations were different for the subdivided regions, and misorientation angles of the crystal rotation were approximately 10 . The crystal rotation axes across the various subdivided regions were determined. On using the logarithm of the rotation matrix, the rotation axes became almost perpendicular to either of the estimated Burgers vectors in the subdivided regions. The experimental results can be interpreted by the crystal rotation caused by the arrays of GNDs. 
When the line scan direction is parallel to the x 1 -axis, the crystal rotates about the x 1 -axis. However, when the scan direction is parallel to the x 2 -axis and x 3 -axis, the crystal rotation axis becomes the x 2 -axis and x 3 -axis respectively. Consequently, the rotation axis is not orthogonal to the slip direction only when the Burgers vector of the screw dislocation is parallel to the scan direction.
